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The phenomenon of sunglint, well known in satellite remote sensing, lacks a fundamental characteriza-
tion under controlled laboratory conditions. Exploiting an apparatus specifically assembled for the pur-
pose, we examine the signal collected by a photopolarimeter, pointed at a wavy water surface with
measurable statistics and illuminated by a laser source. We also analyze the wave slope distributions,
retrieved with an imaging system, and correlate themwith the time series of glints. More particularly, we
investigate the link between the occurrence of glints and that of the slopes from which they originate. In
this context, the results obtained by applying the Hilbert–Huang transform technique to the slope time
series are compared with those obtained through a traditional Fourier transform. This novel study first
identifies the individual atomic glints as Fresnel reflection originating from a single wave facet. It then
discusses the periodic character of a sequence of glints generated by a gravity wave state, as opposed to
the erratic behavior of glints typical of capillary wave states. In mixed gravity–capillary conditions, it is
shown that the glint properties are governed mainly by the capillary regime. © 2008 Optical Society of
America

OCIS codes: 120.6660, 010.0280, 010.4450.

Because of its wide dynamical range, sunglint is nor-
mally regarded as a nuisance in satellite remote sen-
sing applications. For this reason data collected in
the sunglint region are discarded as “sunglint con-
taminated.” Nonetheless, it has been shown [1,2]
that this strong signal could in the future provide
an exceptional signal-to-noise ratio for direct trans-
mittance measurements of atmospheric constituents
using the sunglint patch as a source. The well-known
investigation carried out by Cox and Munk [3–5] pro-
vides the link between surface roughness and wind
speed. It is therefore understandable how an accu-
rate description of the sunlight reflection off water

bodies would benefit the retrieval of atmospheric
and oceanic parameters.

To this end a special experimental apparatus was
built for the polarimetric study of bidirectional reflec-
tance over awater surfacewhere the surface statistics
can be repeatably controlled. The growing interest in
polarimetry as a remote sensing tool [6–8] ledus to as-
semble a detector capable of retrieving both intensity
and polarization components of the reflected light.

The design presented several challenges. Water
waves are dynamic [9–11], and can neither be gener-
ated with a compact apparatus nor be tilted at will to
realize different illumination conditions, as is done in
many reflectance experiments on solid samples to
avoid the repositioning of the light source and/or
the detector [12]. The mechanical suspension had
to be designed around the geometrical constraints
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of a wave tank. The design provides stiffness and a
convenient, quick positioning method, yet remains
lightweight and nonobstructive.
In Section 1 we give a brief description of the ap-

paratus. After a presentation of the general features
of glints (Section 2), we employ attractor plots to ex-
amine the level of chaoticity for glints generated by
different wave states (Section 3). In Section 4 we in-
vestigate the connection between the collected time
series and the surface statistics derived from the
imaging system.We also present the results obtained
by applying the Hilbert–Huang transform (HHT)
technique [13–15] to the slope time series. Our find-
ings are summarized in Section 5.

1. Experimental Setup

The details of the experimental apparatus (see Fig. 1)
are described elsewhere [16]. The following provides
a summary.

The wave tank facility is located at the Air–Sea In-
teraction Research Facility at NASA Goddard Space
Flight Center, Wallops Flight Facility, Wallops Is-
land, Virginia [17]. Controlled wave states can be cre-
ated by means of three independent dynamic
forcings: a hydraulic pusher unit at one end of the
tank to create gravity waves, which are then ab-
sorbed at the other end; a wind generator to create
capillary waves; and a subsurface current to improve
the simulation of real-world situations. Computer
control of wind, current, and hydraulic units allows
complete hands-off automation of research runs, as
well as accurate repetition of unsteady situations
for statistical studies.

A suspended semicircular rail, hereafter referred
to as the “rainbow,” was assembled from scratch
and mounted with its plane parallel to the long axis
of the wave tank (and perpendicular to the floor). On
the rainbow a laser source and a detector can be

Fig. 1. Block diagram of our glint-measurement apparatus. Wave states in the tank are created by using any combination of the tank
control units for wind, wave, and current. The 1m radius, rainbow-shaped rail with source and detector is here rendered with AutoCAD,
and shows the instrumentation positioned at the Brewster configuration (source and detector both at 53:1° from the vertical). The 12-
channel datalogger records reflected light (intensity and polarization components, 3 channels), glintometer temperature, reference de-
tector signal, instrument tilt (pitch and roll of both source and glintometer, 4 channels), and wave elevation on capacitance wires spaced
1 cm apart near the glint area (3 channels). Images of the portion of surface under investigation are captured by an imaging system
(support not shown for simplicity) and stored in a separate personal computer. Water and air temperature and wind speed are also mon-
itored in each experiment.
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locked in position, so that they point at a small area
of the water surface at specified polar angles with sa-
tisfactory precision. Movement along the rail is ac-
complished with carriages, equipped with geared
heads that allow fine positional and angular tuning.
The source is a fiber-optics-coupled laser diode emit-
ting at 635nm. The incident state of polarization is
selected with a linear polarizer. A reference photo-
diode samples the beam for normalization purposes.
The detector (“glintometer”) is a custom-built photo-
polarimeter. A polarizing beam splitter splits the in-
coming beam to measure the first three components
of its Stokes vector [18,19]. High temporal resolution
is obtained by employing a fast data logger.
A fast imaging system, with the camera mounted

atop the rainbow, captures images of the surface,
enabling the retrieval of the wave slope distribution
for each wave state under analysis [20]. Vertical
capacitance-wire probes [21], partially immersed in
the tank, are also used to measure the longitudinal
and transverse surface elevation and, from differ-
ences in elevation between pairs of wires, the slope.
The data from capacitance wires served as a bench-
mark to establish the adequacy of the calibration pro-
cedure used for the imaging system.
The following wave states [22] were considered:

(1) the gravity wave state (hydraulic unit driven at
1:25Hz and 1:3V peak-to-peak amplitude, resulting
in 2:6 cm linear displacement of the piston and 1:5 cm
average total wave height); (2) capillary wave state
(wind speed ∼ 3:1 ms−1); (3) the combination of the
two states above.
During the collection of glint time series, both the

source and the glintometer were positioned at 30°
from zenith. The spot size of the incident light beam
is 3mm. The glintometer aperture was set to 12mm,
corresponding to a field of view of 3:5°. Under these
conditions about 6 cm of surface is observed from ze-
nith [16]. The settings were selected based on pre-
vious experience: they prevent multiple reflections
and shadowing from taking place. Under these con-
ditions, data runs of 15min provided a significant
number of glints.

2. Glints as Fresnel Reflectance

Before waves were introduced, the apparatus was
tested by reproducing the Fresnel equations from
measurements of the specular reflection from the flat
surface at a range of angles. As seen in Fig. 2, the ex-
perimental points show good agreement with the the-
oretical curves, which quantify the intensity of the
polarization components of the reflected light: s for
the component oscillating perpendicularly to the
plane of reflection, p for the parallel component.
Somewhat surprisingly, an extensive literature
search did not reveal any other reported attempt to
experimentally confirm the Fresnel equations over
a flat water surface. The response of the glintometer
at 30° gave reflectance values for the s and p compo-
nents of 0:029� 0:002 and 0:011� 0:001, respec-
tively. These values compare satisfactorily with

those theoretically predicted (0.032 and 0.012) for a
refractive index of water of 1.34, in view of the diffi-
culty in aligning the instrumentation (pitch, roll,
and yaw) from a suspended structure. Also, it should
be noted that most of the other data points show bet-
ter agreement with the theoretical curves than the
value at 30°. In the presence of waves, the reflected
beam will follow trajectories determined by the sur-
face slopes. Glints are observed only when the re-
flected beam is observed through a limited aperture
(in our case the iris placed in front of the instrument
baffle). Within the tangent plane approximation,
glints occur every time the surface slope is oriented
to realize the specular geometry between the source
and the detector. If the source and detector are posi-
tioned at polar angles θS and θD, the reflected beam
will hit the center of the field of view (FOV) when
the incident beam illuminates a portion of the surface
tilted at anangle β ¼ 1

2 ðθD − θSÞ. Thewidth of the glint
peaks, related to the tangential velocity of the re-
flected beam, depends on the distance of observation.

Throughout the paper, we will refer to glints gen-
erated by gravity and capillary wave states as “grav-
ity glints” and “capillary glints,” respectively. As an
example of how glints are generated, we show the re-
sponse of the apparatus as the flat water surface is
initially disturbed by a train of gravity waves driven
down the tank by the hydraulic paddle (Fig. 3). By
combining the output from the capacitance wires
and the three detectors, we obtain an actual repre-
sentation of the wave state with the glint intensities
overlapped with the slopes at which they occur. In
Fig. 3 the source illuminates the water surface at
the Brewster angle (53:1° from the vertical), and
the detector is specularly positioned at the same an-
gle. In the Brewster configuration only the s compo-
nent is reflected. The constant signal of the Fresnel
reflectance on the flat surface is broken down in
glints as the first, growing waves modify the surface
tilt at the location of the illuminated spot. As ex-
pected, glints appear at the same position for each

Fig. 2. Measured and theoretical Fresnel reflectance components
for a flat water surface. The theoretical curves assume a water
refractive index of 1.34. The data are normalized to a reference
detector that samples the beam before it leaves the source.
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cycle, i.e., only for that particular slope that exactly
realizes the specular reflection conditions between
source and detector. In our case (θS ¼ θD) glints ori-
ginate from the flat crests and troughs of the waves.
Only the intensity s component is shown, since all
the reflected beam intensity is stored therein. From
this plot, representative of a situation constantly ob-
served throughout our experiments, it is clear that
the glint polarization intensities assume the values
predicted by the Fresnel reflectance, as long as the
reflected beam fully enters the FOV.
In practice, it is difficult to generate perfect 1D

waves traveling down the tank. Cross-tank compo-
nents, sometimes significant, reflect the incident
beam out of the plane containing the source and glint-
ometer, occasionally leading to low-intensity or even
totally missing glints.
Modulations in a glint profile occur only as an effect

of the FOV. A top-hat glint (a symmetric glint with a
plateau) means that the reflected beam traverses the
FOValong (or close to) a diameter of the iris. Jagged
profiles imply that the reflected beam spends time at
the edges of the FOV. It should be mentioned that a
spot size of 3mm covers an area that in the case of ca-
pillary waves is comparable with the wavelength of
some of the waves. Therefore, blooming of the re-
flected beam can also be partially responsible for a de-
crease in the peak intensities of the glints. From these
considerations we conclude that the information con-
tained in the polarization channels does not seem to
reveal anything other than pure Fresnel reflectance.
More specifically, each fully developed glintmanifests
the polarization components expected for that parti-
cular angle of incidence of the laser beam.

3. Glint Chaoticity

To help answer the question of whether glints are
due mainly to gravity or capillary waves, we start

the investigation on the glint statistics with a com-
parison of the glint-to-glint interval distributions.
From the collected time series, the glints were ex-
tracted by parsing the files with a fast peak-finder
routine. A glint flag is triggered every time the inten-
sity rises over a certain threshold set well above the
noise level, at which time the glint number, position,
and duration are stored. Figure 4 compares the data
collected from the three wave states considered. The
most striking feature is the organization of the grav-
ity glint intervals into three distinct peaks (0.3, 0.5,
and 0.8 s). If the hydraulic paddle generated sinusoi-
dal waves with the same period as the input signal,
we would expect evenly spaced glints from each crest
and trough, resulting in a dominating peak corre-
sponding to half the period of the driving frequency
input to the paddle. However, there is no such peak in
the data. Instead, the presence of glint-to-glint inter-
vals at 0:3 and 0:5 s indicates that the underlying
wave is not sinusoidal but rather has significant
skewness. A peak corresponding to the sum of these
intervals (0.8 s) is also observed, due to missed glints,
and mirrors the driving frequency of the hydraulic
paddle (1:25Hz ¼ 1=0:8 s). Multiple missing glints
in this sequence generate the small peak at an inter-
val twice as long (1.6 s). A few very short intervals
are found, due to glints whose peaks are split as a
result of their trajectory relative to the FOV.

The two lower panels, depicting the purely capil-
lary and the mixed gravity—capillary wave states,
reveal a fundamentally different behavior than does
the gravity wave state alone. The faster evolution of
the surface slopes causes glints to cluster at shorter
intervals. The distributions steadily decay in a simi-
lar fashion with the exception of the rather broad
peak exhibited by the capillary wave state at about
0.07 s, corresponding to frequencies around 14Hz.
This value reflects the presence of glints originating
from crests and troughs of capillary waves oscillating

Fig. 4. Glint-to-glint interval distributions for the glints collected
under the gravity, capillary, and mixed wave state. The histograms
are normalized to 1, so that the ordinate values correspond to the
probability of occurrence. Note the dominance of peaks at 0.3, 0.5,
and 0:8 s in the discrete spectrum of gravity glints, and the simi-
larity of the two lower panels (capillary and gravity–capillary
glints) with the exception of the peak at 0:07 s in the capillary wave
state.

Fig. 3. The flat surface is disturbed as paddle-driven waves (thick
black curve) start running down the tank. The axis on the left re-
fers to surface elevationmeasured with capacitance wires and that
on the right to the reflectance values measured by the glintometer.
There is no wind and therefore no capillary waves in this case.
With source and detector at equal angles, the reflected beam en-
ters the FOVonly when reflecting from a zero slope (in this case, a
crest or a trough). Here only the s-polarization intensity (light
gray) is shown, since the p-polarized intensity is basically zero be-
cause of the Brewster-angle geometry. Glints whose peaks do not
reach the Fresnel reflectance value are due to occasional non-1D
waves reflecting partially or totally off the detector FOV.
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at 7Hz, as confirmed by the component analysis (see
Section 5). Interestingly, this peak is suppressed in
the mixed wave state. The reason for the loss of this
feature is to be sought in the relative system of refer-
ence in which the capillary wavesmove. Purely wind-
driven capillary waves are characterized by a range
of frequencies. When capillary waves ride on top of
gravity waves, nonlinear interactions cause the ca-
pillary waves to momentarily accelerate and decele-
rate with the crests and the troughs of the faster
gravity waves. The result is a frequency modulation
that redistributes the peak frequencies throughout
higher and lower adjacent frequencies and also in-
creases the probability of observing a wider range
of slopes.
The distributions of glint durations is also interest-

ing. Figure 5 shows the distribution densities ob-
tained after normalizing the area subtended by the
envelopes of the histogram bars. Gravity glints exhi-
bit a primary peak around 0:008 s and a secondary
peak around 0:019 s. For a 12mmaperture the corre-
sponding glint speeds (tangential velocity) are
1:5ms−1 and 0:6ms−1 for observing 1m away from
the surface as in our setup. The angular velocity cor-
responding to the primary peak, 1:5 rad s−1, corre-
sponds to the rate of slope evolution at the surface
at a crest or a trough. A secondary wave component
can introduce a near-zero slope region between crests
and troughs (see Fig. 6). Since in this region the slope
rate of change is slower than at a crest or a trough, the
generated glints are longer lived. We attribute the
secondary peak in the gravity-glints duration distri-
bution to glints generatedunder these conditions.The
distributions from the remaining two wave states
show essentially the same trend, with a predominant
duration of 0:002 s (angular velocity equal to
6 rad s−1). This value is once again in agreement with
the ratio between typical gravity and capillary wave
frequencies.

Graphs like Fig. 4 cannot provide information on
the correlation between glint intervals. To analyze
this interesting information we utilize attractor plots
[23]. Such scatter graphs are used to visualize the le-
vel of chaos in a dynamic system by plotting the inter-
val between two occurrences against the previous
interval. If a phenomenon occurs at regular intervals,
all occurrences will overlap at a single point. For fully
chaotic systems, data points will instead be randomly
scattered. The presence of patterns (strange attrac-
tors) reveals different levels of randomness. If the
combined wave state (gravity–capillary) shows fea-
tures closer to the capillary wave state, we can con-
clude that the signal collected by the glintometer
derives primarily from capillary glints rather than
from gravity glints.

Figure 7 presents the results for the gravity wave
state. A total of nearly 1500 glints are distributed in
a very organized pattern. The plot exhibits an intrin-
sic symmetry about the main diagonal due to recipro-
city of intervals (our time series could just as well be
analyzed with the temporal axis inverted).

The predominant occurrence is that of alternating
∼0:5 and ∼0:3 s intervals, accounting for 26% of the
recorded glints. The high peak at (0.8, 0.8) indicates
instead that 17% of the glints appear at regular in-
tervals 0:8 s long. It is noteworthy that the feature at
(0.8, 0.8) appears sharper than those at (0.5, 0.3) and
(0.3, 0.5). The former feature appears more stable ex-
perimentally because the driving frequency on the
wave tank system is at a stable 1:25Hz. However,
the hydrodynamic effects governing the wave shape
and the magnitude of the skewness vary, resulting in
a wave shape that evolves in time while the wave-

Fig. 5. Normalized probabilities for the glint durations sampled
in the three considered wave states. Most of the captured capillary
glints last 0:002� 0:001 s. The peak in the distribution is well se-
parated from that of gravity glints, which exhibit a broader range
of values centered at 0:008 s. The mixed state shows essentially
the same behavior as the capillary state.

Fig. 6. Schematic illustration of the gravity wave state, as de-
rived from the imaging data. The overall wave profile is pseudo-
sinusoidal, with a virtually constant crest-to-crest period
mirroring the 1:25Hz driving frequency of the paddle. A secondary,
higher-frequency wave component can interpose an inflection
point (with near-zero slope) at a slightly variable location between
a trough and a crest and cause variation in the position of the
troughs relative to the crests. Source and detector are positioned
at the same angle: including the crest and the trough, there are
therefore three points per wave period which can potentially gen-
erate a glint. However, due to nonzero cross-tank slopes or other
variations in the wave profile, glints may not always occur. One
possible sequence is shown by the series marked “G”. Intervals be-
tween adjacent glints are marked along the abscissae. The varia-
bility of intervals created by the secondary component is
represented by dashed lines and a “∼” preceding the duration.
In an attractor plot (see Fig. 7), the points contributed by this glint
pattern would be (∼0:5, 0.8), (0.8, 0.8), (0.8, ∼0:3), (∼ 0:3, ∼0:5),
(∼0:5, ∼ 0:3), (∼ 0:3, ∼0:3).
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length remains constant. Thus the features of the at-
tractor plot that depend on the wave shape are
blurred, while the features depending only on the
wavelength remain crisp.
As suggested earlier, if there were no cross-tank

wave components, then only glints separated by 0:5
and 0:3 s would be recorded. However, with nonzero
slope components in the cross-tank direction the be-
havior is more probabilistic. A single glint missing
in this sequence generates an interval of 0:8 s fol-
lowed again by one of either 0:5 or 0:3 s, giving rise
to the clusters at (0.8, 0.3), (0.8, 0.5), (0.3, 0.8), and
(0.5, 0.8). Together, these clusters amount to 15% of
the total number of occurrences. This value is very
close to 17%, which is expected since both occurrences
are driven by the same event (one glint skipped).
Skipping of glints over one entire wave period, or

more, causes the basic pattern to replicate at inter-
vals greater than 0:8 s, but with a much smaller
probability. Such features include the small peak
at 0:16 s, caused by the missing of glints from two
consecutive periods.
A minor feature (10% of occurrences) lies around

(0.3, 0.3). These intervals are attributed to the transi-
entoverlapofasecondarywavecomponent,ofvariable
phase shift, which can interpose a flat slope roughly
halfway between a trough and a crest of the dominant
wave.
All the discussed features were replicated by a sim-

ple computer simulation. First we adjusted an analy-
tically defined waveform to resemble the wave shape
obtained as the time integral of the slope evolution at
a representative pixel location. Low random noise
was overlapped to the waveform to simulate instru-
mental and surface noise. From the time series of
slopes derived by taking the first derivative, synthetic
glints were generated every time the slope was found
in a small range around zero. The resulting glint data
were then run through the same peak-finding routine
as the real data. The resulting attractor plot shows
essentially the same pattern found in Fig. 7.
The randomness of the capillary glints is clear and

is observed even in the presence of an underlying
gravity wave to a level that makes the plots in Figs. 8
and 9 indistinguishable. The erratic movement of the
reflected beam is manifested by the increasing den-
sity of points toward zero values for the intervals, re-
sulting in rapid passages through the FOV. Although
the visibility of features like the characteristic peak
of capillary waves is limited by the resolution,
Figs. 5–8 confirm that glints generated by the mixed
wave state behave much more like capillary glints
than like gravity glints.

4. Surface Statistics Investigation

Two systems are available at the wave tank for the
measurement of surface slope. The capacitance-wire
probes are positioned 1 cm apart, and this separation
limits the resolution to the measurement of gravity
waves only (capillary waves having wavelengths
<1:73 cmandoften shorter than1 cm).To test theade-

quacy of the imaging systemcalibration,we compared
the distribution derived from the wires and from the
camera, finding agreement. This correspondence va-
lidates the use of the imaging system for capillary
wave states also, where the capacitance wires fail.
The imaging system and its calibration have been de-
scribed by Long andKlinke [20]. The images collected
by a digital camera looking vertically down at the sur-
face are meant to provide the statistics of the wave
slopes. The surface is illuminated from underwater
by a large light box. Each pixel in the image corre-
sponds to a fixed point on the water surface but, as
a result of refraction by the local slope, to a variable
point on the light box. If the light box provided uni-
form illumination, thebrightness of apoint on the sur-
face would remain the same regardless of its slope.

Fig. 7. Attractor plot for glints generated by a gravity wave state.
The driving frequency of the hydraulic unit is 1:25Hz. A total of
1482 glints belong to the dataset. High-density regions are labeled
with the fraction of points (intervals) present in the cluster relative
to the total number of points in the dataset. A large portion of the
intervals (26%) occurs in a 0.5–0.3–0.5 s sequence.

Fig. 8. Attractor plot for glints generated by a capillary wave
state. The wind speed is 3:1m=s. Themajority of the 1912 collected
glints are scattered throughout the whole interval space below 2 s:
only very few intervals (5) were found overlapping at some point.
Although the distribution favors shorter intervals, the random-
ness in the correlation between consecutive capillary glints is evi-
dent.
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The box is therefore masked to produce a linear gra-
dient of intensity along the down-tank direction: in
this way, the measured intensity is a function of sur-
face slope. It is essential to note that the preferential
direction (parallel to the long axis of the tank and to
the principal plane for reflection) introduced by the
gradient means that the retrieved slope is actually
the component of theactual slope along thatdirection.
For the purpose of calibration, a Plexiglas barge is
floated across the FOV on the still water surface.
The bottom of the barge, rather than being flat, con-
sists of eleven known slopes evenly distributed in the
positive and negative domain. This series of triangu-
lar waves is fully flooded on the inferior side with
water. The response of each pixel to the series of
known slopes on the barge is recorded. Interpolation
between these data points enables the retrieval of the
wave slope values from thepixel brightnessmeasured
during the experiments.We image a 8 × 8 cm2 portion
of the surface, close to the illuminated spot, for 60 s at
a rate of 60 frames s−1. Each image can be thought of
as a 2D array of slope values. Each pixel presents a
time evolution of slopes throughout the series of
images acquired while sampling a wave state. It
was confirmed that the statistics retrieved at several
pixel locations overlap within the experimental
errors.
In the observed wave states, both gravity and ca-

pillary forces have an input to some extent. The grav-
ity restoring force dominates the paddle waves, with
the capillary restoring forces having minimal effect.
In capillary regimes the influences of both gravity
and capillary waves are present, with the capillary
restoring force dominating the shortest wavelengths
and gravity dominating the longer wavelengths. In
gravity–capillary mixed conditions, the same is true:
the paddle waves, dominated by gravity forces, are
running through the slower wind-generated waves,
which are governed by both capillary and gravity ef-
fects. The wind-generated waves will in turn stretch
and compress somewhat in wavelength, in response
to the underlying oscillations.

Figure 10 displays the normalized wave slope dis-
tributions for the considered wave states. The slope
time series at a particular location is derived by fol-
lowing the evolution in brightness of the same pixel
throughout the time series of images. After verifying
that the slope time series at different pixel locations
are statistically equivalent, the wave slope distribu-
tions were retrieved as a smoothed average of the
data collected from six arbitrarily chosen pixels.
Gravity waves exhibit a smaller range of slopes, with
a maximum value of �0:1 corresponding to �6°. The
double-peaked shape is reminiscent of the probabil-
ity distribution of a pseudosinusoidal function, but
with an abundance of slopes near zero. Peaks in
the wave-slope distribution are indicative of the
value of the wave-slope at the points of inflection
on the underlying wave. These peaks become some-
what smeared by variations in the waves, but
are nonetheless visible at slopes of approximately
−0:04 and 0.02. The probability of positive slopes
is considerably higher than the negative, because
three of the four points of inflection per wave period
have positive slopes. This asymmetry is due to the
fact that the secondary-component feature occurs
only on the leading edge of the waves.

The distributions of the remaining two states are
almost indistinguishable. The range of slope is twice
as big as the gravity waves, reaching maximum
slopes of �17°. The capillary waves are possibly
showing a slight bias toward positive slopes, perhaps
an indication of a certain degree of skewness that
was smoothed out in the presence of underlying grav-
ity waves as explained in Section 3.

Due to the finite size of the glintometer FOV, glints
are accepted originating from a (small) range of
slopes, in our specific case centered around zero. This
range was calculated and confirmed experimentally
to be �0:006, corresponding to �0:34°. Integration of
the wave slope distributions within these limits pro-
vides the probability of occurrence for the flat sur-
face: retrieved values were 12% for gravity waves
and 5% for both the capillary and the mixed wave
states. Ideally, these percentages should correspond

Fig. 10. Normalized wave slope distributions for the wave states
under analysis. Note the two predominant peaks in the gravity
waves, with an abundance of positive slopes. The capillary and
the mixed wave states distributions encompass a wider range of
slopes and are practically indistinguishable.

Fig. 9. Attractor plot for glints generated by the overlap between
the previous two wave states. The total number of collected glints
is 2645, and the scatter plot is essentially indistinguishable from
that in Fig. 8.
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to the fraction of time glints are expected to be ob-
served over the whole data set. Comparing these
values with the ratio of the sum of glint durations
(total glint-on time) to the total duration of the time
series, we found that the imaging system over-
estimated the expected occurrences. Yet, this discre-
pancy is largely expected because slope components
in the cross-tank direction, when present, divert the
reflection away from the plane of the rainbow even
though the down-tank componentmight have a value
favorable for glint detection. This effect is significant
for capillary waves, but less important for gravity
waves, since they are produced mainly with a fetch
parallel to the cross-tank direction.
Our imaging system can measure slope compo-

nents only along the down-tank direction. A complete
mapping of the surface is paramount when seeking a
quantitative relation between the occurrence of
glints and the particular slope from which they ori-
ginate. A technique that exploits a color gradient
rather than a monochromatic one is under develop-
ment. Measuring the color saturation at each pixel
location will enable the retrieval of both down-tank
and cross-tank slope components and, by integration,
the surface elevation.
Once the calibrated slope images are obtained, they

can be analyzed further with the Hilbert–Huang
transform (HHT) method established for nonlinear
and nonsteady data [13–15]. The application of this
method to images has been discussed by Long [24].
Each row of pixels in a calibrated image gives the in-
stantaneous component of the local slope along the
down-tank direction. The HHT techniques separate
these slope data into scale components, from the
shortest (noiselike) to the longest (offsets or slow
trends), giving a detailed view of the scales present
within the surface area covered by the images. By
analyzing a time series of images, the slope distribu-
tion during the time ofmeasurement can be obtained,
as well as any temporal changes of the water waves’
wavelength, slope amplitude, phase, and frequency.
In this technique the time scale is not lost, and the re-
sulting joint probability distribution can be simplified
into amarginal distribution to give the frequency dis-
tribution of slope, a 2D plot that resembles the usual
frequency spectrum.
Figure 11 displays the 10 components extracted

from 15 s of the sequence of slopes at one pixel loca-
tion. Adding all 10 components together produces
theoriginal time sequence.Themostnoteworthy com-
ponents are c4 and c3. The former reveals the pre-
sence of the paddle driving frequency at 1:25Hz;
the latter shows the occurrence of slopes at twice this
frequency. The first two short-scale slope components
are noiselike, with negligible amplitude, and are as-
sociated with higher-frequency surface features gen-
erated by the paddle waves. Components c5–c10 are
also negligible in slope values and are likely to be
related to low-level reflections in the tank and non-
linear wave group effects. The last component, being
nonoscillatory, was treated as an offset and sub-

tracted from the original time series before further
processing.

Figure 12 shows the results relative to the capillary
state. In this case the components with heavier
weight are c1and c2.Components c3and c4, at a lower
slope amplitude, show the shift of thewindwaves into
the lower frequency range, with evident wave groups
associated with a growing nonlinear regime. Even
though some of the remaining components reveal
periodic oscillations, their amplitude is too small to
influence the chaotic regime. Once again, the last
component was subtracted. The gravity–capillary
mixed wave state is depicted in Fig. 13. The short-
scale features are similar to those found in Fig. 12,
but now all the components from c1 to c5 contribute
significantly, as expected from the superimposition
of the two states. Component c5 best represents the
1:25Hz underlying paddle wave, reduced slightly in
amplitude as compared with component c4 of Fig. 11,
with wave groups forming in response to the interac-
tions with and among the wind-generated waves.

Once the components appearing in Figs. 11–13 are
obtained, the HHT technique can produce joint prob-
ability distributions and, by summing data along the
time axis, marginal distributions that give the distri-
butions of slope and slope magnitude in frequency
space. Figure 14 compares the results obtained by
applying the HHT and the fast Fourier transform
(FFT) techniques.

The paddle frequency of 1:25Hz can be seen in
the upper two graphs where the paddle waves are
present, detected by both the FFT and the HHT.
One point revealed by the HHT is that frequencies
are not steady, which is expected when nonlinear
processes take place. As a result, the HHT result is
characterized by broadened peaks as opposed to the
more discrete distribution found with the FFT. There
are also excursions around the second harmonic
(2:5Hz), corresponding to processes occurring at both
the crest and trough (therefore twice within the pri-
mary paddle wavelength) or at other half-wave loca-
tions. The bottom chart exhibits amuchmoreuniform
distribution, centered about the peak at 6:5Hz,which
can be considered the characteristic frequency of our
capillary wave state for the chosen wind and fetch.

Themost interesting feature is perhaps to be found
in the gravity–capillary mixed wave state. The capil-
lary distribution undergoes a shift toward lower fre-
quencies, closer to those of the gravity waves on
which they are generated. Also, the presence of wind
strengthens the processes associated with the sec-
ond-harmonic frequency, which grows from one third
to twice the peak value of the dominant frequency.
Curiously though, the FFT suggests an excitation
of higher-order harmonics of the paddle frequency
not clearly distinguishable in the HHT profile. This
effect can be expected in nonlinear regimes, where
the assumptions made in applying the FFT (mainly
the assumptions of a stationary and linear system of
infinite duration) are not fulfilled [13]. As a conse-
quence, higher harmonics are invoked to fit transient

1 April 2008 / Vol. 47, No. 10 / APPLIED OPTICS 1645



phenomena and nonlinear effects such as the peak-
edness of the gravity wave crests, the flattening of
their troughs, and the periodic acceleration or decel-
eration of capillary waves overlapping to them. In
contrast, the HHT adjusts to the data without any
a priori assumptions, and produces a continuous
spread in frequencies, which in our view mirrors in
a better way the variability of the components.
The frequency variability itself can be seen as a func-
tion of time in the full joint probability distribution
before it is compressed into the marginal distribu-
tion form.
Last, we note that the HHT reveals in the top two

panels the presence of subharmonics at 0:6Hz, ap-
parently missing in the FFT plot. This fact illustrates
one of the main differences between the two ap-
proaches. The HHT will detect a single occurrence
of a phenomenon within the dataset, while the
FFT depends upon sinusoidal recurrence to register
it at all. The observed subharmonic may be attribu-
ted to transient reflectance effects within the tank.

5. Conclusions

In this study we have analyzed the reflection of a la-
ser beam from a wavy water surface whose statistics
are measured by an imaging system. The data show
that glints occur whenever the local slope is oriented
so as to realize the specular geometry between source
an detector. The polarimetric response confirms that
the reflected beam carries the characteristic signa-
tures of Fresnel reflectance for the particular geome-
try of incidence and reflection. Any deviations are
due solely to the FOV of the detector. The trajectory
and the finite diameter of the reflected beam, which
may not enter the instrument aperture completely,
are responsible for glints that do not reach the ex-
pected Fresnel intensity. Time spent at the edges
of the FOV result in modulation of the glint profile.
Displaying the glint time series with attractor plots
revealed the fundamental difference of the reflection
from gravity (periodic) and capillary (statistics-
governed) wave states. The overlap between these
states generates glints that essentially behave like
capillary glints, although a broad feature at 14Hz,
originating from the capillary regime, is dispersed
by the gravity wave motion between adjacent
frequencies.

Fig. 11. 15 s of the 10 components extracted from the gravity
slope time series with the HHT technique. The ordinate axes
are in slope units, and adding all these components yields the com-
plete time series (see text). Note the periodic oscillations found in
component c3 and c4.

Fig. 12. Same as in Fig. 11, but for the capillary slopes time
series.
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From the slope time series retrieved with the ima-
ging system we were able to simulate all the salient
features appearing in glint attractor plots, which not
only display the glint-to-glint interval distribution,
but also carry information about the correlation be-

tween consecutive intervals. While the capillary and
the gravity–capillary wave states exhibit a high de-
gree of chaoticity, the interpretation of more determi-
nistic systems like that of the gravity glints was
particularly successful.

The HHT can isolate the different scale compo-
nents of the slope time series. An analysis of the con-
sidered wave states, based on the application of this
technique to the data retrieved with the imaging sys-
tem, indicated the similarity between the statistics of
capillary and gravity–capillary wave states, reveal-
ing on the other hand the much greater degree of per-
iodicity expected for the gravity waves. While the
FFT relies on steady and linear periodicity through-
out a whole data set to correctly interpret a time ser-
ies, the HHT provides a physically more meaningful
characterization of the transient phenomena and the
variability of the wave components typical of a non-
linear, nonstationary system as the one under inves-
tigation.

A few aspects differentiate our experimental con-
ditions from the real-world situation in which sun-
glint is observed from a satellite. First of all, the
Sun is a source of broadband, unpolarized radiation.
Moreover, the Earth’s oceans are not a monodimen-
sional wave tank (although Cox and Munk measured
minimal dependence of the wave slope distribution
on the wind direction). Most important, the signal
captured by a satellite is the result of an average over
time and space of glints whose duration is many or-
ders of magnitude shorter because of the much larger
surface–satellite distance.

Our apparatus, the first of its kind, proved none-
theless essential in sampling atomic glints, the fun-
damental entities of which the sunglint patch is
composed. Natural extensions of this work, more clo-
sely devoted to remote sensing applications, will in-
volve changing the illumination conditions to an
unpolarized and large-diameter beam, so as to better
mimic typical Sun–ocean situations.
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